Cost effective packaging and robust reliability are two critical factors for successful commercialization of MEMS and microsystems.
INTRODUCTION
Reliability is a critical issue in any industrial and consumer product development. The products using MEMS technology is no exception. The central issue of reliability is that no matter how sophisticated a product is designed and manufactured, it becomes useless if it fails to deliver the designed performance during the expected lifetime.
MEMS products are becoming increasingly common essential components of modern engineering systems such as the airbag (or inertia) sensors in automotive industry, surgical devices and implantable biosensors in medicine, optical switches and RF waveguides in telecommunications, and the navigation, safe and arm in aerospace applications.
Reliability of these products is particularly critical as failure of these products can be catastrophic and devastating. Reliability is also recognized by the engineering community and industrial sectors as a major hurdle to commercialization of MEMS.
MEMS products are designed to perform a variety of functions of electromechanical, chemical, optical, biological and thermohydraulic natures. Mechanisms that cause failure of MEMS devices thus vary significantly from one type to another. Design for reliability of these devices is also significantly different from most other engineering systems.
PACKAGING OF MICROSYSTEMS
Many view microsystems to include microelectronics, in particular, the integrated circuits (ICs) and microelectromechaincal systems (MEMS) [1] . There appears to be a common perception that packaging of MEMS is a natural evolution of the IC packaging and that the two packaging technologies are not significantly different. This misconception evolves from the fact that most silicon-based MEMS and microsystems are produced by using the same microfabrication processes developed for the ICs. The reality, however, is that there are significant differences in packaging of these two microsystems [2, 3] . Table 1 will show that the two microsystems, i.e. the MEMS and ICs are indeed different in many ways.
The complexity of MEMS in the structural geometry and expected performances over those of the ICs as indicated in Table 1 has lead to the necessity of developing sophisticated techniques for the assembly, packaging and testing for MEMS. Such complexity, along with several other factors is the principal reasons for rather different techniques for the packaging of MEMS. Current awkward packaging and thus poor reliability of MEMS has been a major stumbling block in successful commercialization of MEMS. 
Reliability in Integrated Circuits (IC) Packaging
Before embarking on the reliability issues relating to MEMS packaging, it will be prudent to review these issues involved in IC packaging, as some of the failure mechanisms of the ICs are also of concerns to the reliability engineers in MEMS packaging.
The objectives of IC packaging are two folds: (a) To provide support and protection to the IC chip, the associate wire bonds and the printed circuit board from mechanical or environmentally induced damages, and (b) To dissipate excessive heat generated by resistant heating of the encapsulated IC. The cross-section of a typical plastic encapsulated IC packages in a surface mounted printed circuit board is illustrated in Figure 1 . Detailed descriptions of all the aforementioned reliability issues are available in many reference books [6] , symposium proceedings [4] and papers on specific topics in archive journals such as the Journal of Electronics Packaging by the American Society of Mechanical Engineers (ASME), and Transactions of Advanced Packaging by the Institute of Electronics and Electrical Engineers (IEEE).
Reliability in MEMS Packaging
Packaging of MEMS and microsystems are much more complex than that for the ICs due to the complexities in structures and intended performances as indicated in Table 1 . The objective of MEMS packaging are: (a) To provide support and protection to the delicate core elements (e.g. the dies of many sensors), the associate wire bonds and transduction units from mechanical or environmentally induced damages, and (b) to provide protection to these elements requiring interface with working media, which may be environmentally hostile to these elements.
Interface between the core elements and the working media is a unique feature in MEMS packaging. Ensuring proper functioning of the contacting MEMS components and their protection from damages induced by the interfacing media become a major challenge to engineers in design, manufacture and packaging of MEMS.
In addition to the difference in the objectives in packaging, there are a number of other differences in configurations, architectures and assemblies between these two microsystems as presented in [2] . Such differences lead to different failure mechanisms, and thus the issues relating to the reliability of these two microsystems.
There is various failure mechanisms associated with the reliability of MEMS as will be presented as follows. We will classify failure mechanisms of MEMS in the following six categories:
Mechanical failures:
There are many mechanical factors that can cause structural failure of MEMS. These include surface roughness, geometric and assembly tolerances, vibration-induced fatigue, inter-facial fracture of bonded thin films, and temperature induced thermal stresses and creep fracture.
Most MEMS components are finished with relatively smooth surface conditions. However, depending on the fabrication processes used in producing these components, there were reports on surface roughness of components with RMS feature sizes ranging from 24 A from a well-controlled wet etching to 0.2 µm resulting from plasma etched deep trenches in silicon substrate [7] . Such surface roughness may not sound like much in a general sense, but considering some MEMS components with overall sizes in the µm range, a 0.2 µm RMS surface feature is not a trivial amount. Excessive surface roughness may introduce local stress concentration that may lead to structure failure well below the designed loads.
Surface roughness coupled with the limiting capacity of some microfabrication process such as DRIE for deep trench etching in silicon substrates can introduce significant fitting problems during assembly. For example, the fitting of shafts to holes in base plates in micro gyroscope assemblies requires carefully set geometric tolerance of the mating parts. Improper assembly tolerances either due to excessive surface roughness or due to geometry irregularity, e.g. the tapering angles in DRIE process can induce substantial interference stress in case of tight fitting. A loose-fitting, on the other hand, result in fretting of the shaft and the matching hole during operations, which ultimately leads to failure of the assembled parts in wear and fatigue. This problem associated with assembly tolerances is especially serious in the case of rotary actuators such as micro motors. Improper geometry tolerance may cause serious malfunctioning of certain MEMS such as wobbling motors and comb-drive resonators as illustrated in reference [2] .
Vibration-induced high cycle fatigue of materials is another reliability issue of MEMS. Mechanical vibration of certain MEMS devices, such as micro relays in microelectronics in the forms of cantilever beams and optical switches, can cause the reversal of maximum stress in the structure from tension to compression and vice versa. The amplitudes of these alternating stresses may be significantly intensified in the areas where stress-raisers are located. The device is now subjected to cyclic stresses with large magnitudes and it may lead to structural failure due to fatigue of the material. Vibration-induced fatigue is more vulnerable to MEMS using polymers and plastics. A brief overview of MEMS fatigue is available in reference [8] .
Many MEMS contain layers of thin films of dissimilar materials as illustrated in Figure 2 . This type of structures is common in MEMS manufactured using surface micromachining technique. Delamination of constituent thin films at the interfaces is a common cause of structural failure due to high stress concentration at the minute voids and flaws inherent from fabrication, and also due to mismatch of material properties such as coefficient of thermal expansion. Linear elastic fracture mechanics theories are used in the reliability design of these structures. The design analysis involves the determination of stress intensity factor K I for Mode I-the opening mode, and K II in Mode II-the shearing mode. The two modes of fracture are coupled in almost all cases in MEMS. The procedure for determining the stress intensity factors in a coupled Mode I and II situation is stipulated in reference [3] . The computed K I and K II are then used to determine whether the induced stress fields at the interfaces by the applied load would be safe from reliability point of view. The following equation for coupled fracture mode I and II is used for such assessment. Only limited number of such measured data is available as reported in references [5, 7, 9] .
Excessive thermal stresses induced by mismatch of coefficients of thermal expansion of bonded components in MEMS are a common cause of failure. Excessive thermal stresses can also be induced in components made of single material in transient heating or cooling states during operations when significant thermal gradients may exist in the structure. Excessive thermal stress may initiate local fractures in MEMS. Analytical methods used to determine these stresses and strains based on linear theory of thermomechanics are available in reference [3] . Excessive thermal strain may result in malfunction of MEMS due to unwanted change of geometry of key components.
Many MEMS operating at elevated temperature may fail due to creep. Failure of this type usually occurs in components made of polymers or plastics with low homologous melting points. Some eutectic bonding for silicon and silicon compounds may also fail due to creep deformation of the eutectic alloy.
(2) Electromechanical break-down:
Many micro devices such as comb-drive resonators are actuated using electrostatic forces. These forces are generated by apply voltage across pairs of minute plate electrodes separated by dielectric media as illustrated in Figure 3 .
The three electrostatic forces, F d , F w , and F L are induced to the pair of misaligned electrodes in the normal, width and length direction respectively. Coulomb's law is used to relate the applied electric voltage to the induced electrostatic forces [3, 10] . This type of actuation mechanisms may fail in the case of unexpected surge of power supply during operation, or due to dielectric breakdown from unexpected excessive mechanical movements of the electrodes that close the gap d in Figure 3 , in which the dielectric air exists. Properly designed mechanical stoppers may prevent such unexpected collapse of MEMS devices.
(3) Deterioration of material:
There has been increasing adoption of polymers and plastic for MEMS devices. A major reliability problem associated with these devices is the degradation of the materials. These materials are known to age with time. Typically they harden with time, resulting in continuous change of material's compliances. This change can lead to malfunction of the devices from its intended applications. Some micro pressure sensors using polymer protection coatings to silicon die malfunctioned by this cause. Another factor contributing to the structure failure is that most these materials continue release gases after being sealed in packages. This "de-gassing" behavior changes the surrounding environment of the package and causes the collapsing of delicate structure components and hence the failure of the MEMS device.
Many optical switches using plastic encapsulation failed for this reason.
(4) Excessive intrinsic stresses:
Intrinsic stresses appear to be unavoidable in almost all MEMS components produced by prevalent microfabrication processes. They are often the causes for the failure of MEMS devices. These stresses are induced in MEMS device components by reaggregation of crystalline grains during and after microfabrication processes. Such is also the principal causes for residual stresses induced by such process as thermal oxidation [11] . Surface forces such as van der Waals forces can also induce intrinsic stress that exists at interfaces of dissimilar materials. There is virtually no reliable quantitative analysis available for assessing these stresses in design considerations.
In addition to the above causes for intrinsic stresses, other possible sources relating to microfabrication are [3, 12] : Oversight of the potential adverse effects of these stresses on the structural integrity of MEMS may lead to failure of these devices. We thus view intrinsic stresses to be major reliability issue of MEMS. Credible methods for estimating intrinsic stresses relating to specific microfabrication processes and the techniques to mitigate such effects need to be developed in order to design reliable MEMS devices. processes are available in references [2, 3, 12] .
Virtually all surface bonding techniques, be it adhesive, eutectic, anodic or silicon fusion bonding technique require proper treatments of the bonding surfaces before actual bonding takes place. Any improper treatment in surface conditioning would leave voids at the bonded surfaces. These imperfections can act as crack initiators for the subsequent delamination of the interfaces as described earlier in the paper. Another possible cause for failure of bonded surfaces is temperature-dependent material properties such as glass-transition temperature of glass bases commonly used in MEMS. Most of the bonding techniques require precision control in the process, e.g. temperature, contact pressure and applied voltages in anodic bonding process. Improper control of the process parameters can induce significant imperfections at the interfaces and therefore delamination of the bonding surfaces.
Hermetic sealing is a universal requirement in packaging many MEMS devices, especially in micro fluidics and micro optical switches. Many sealing techniques involve microfabrication processes relating to surface micromachining [2] . Intrinsic stresses associated with these microfabrication processes as described in the paper can be a major reliability issue.
Micro conduits using electro-osmotic and electrophoresis pumping for fluid flow require the inner surface of the conduits to be coated with special polymers in order to release ions under the influence of the applied electrical fields. These ions interact with those released from the interfaced fluids via electromigration and thus the capillary flow of the fluid [3] . These delicate thin film coatings, often in a few nano meters thick, are subject to the attack of free ions. Its effectiveness may deteriorate with the long exposure time to the applied electric field. This reliability issue is difficult to resolve.
(6) Environmental effects:
Many delicate MEMS device components, such as the thin silicon diaphragms used in micro pressure sensors are expected to be in contact with gases of which the pressure is to be sensed. Many of these gases such as the exhaust gases from internal combustion engines are high in temperature and contain erosive chemical compounds. Extended exposure to these hot erosive media may cause serious damage to delicate contacting device components. Many other device components made of silicon or silicon compounds are expected to interface with corrosive media such as biological fluids in biosensors. These biological fluids can be just as detrimental to delicate MEMS device components as these erosive chemicals in exhaust gas of engines.
Another environmentally induced failure of MEMS devices is moisture. There has been conflicting reports on the deterioration of fracture toughness of silicon in humid air [7] . The significant deterioration of plastic encapsulate materials due to moisture contents were measured by the author and his colleagues and was reported in references [5, 9] . A well recognized structural failure of MEMS by the moisture is the stiction of micro components in micro optical switches, in which the moisture from humid air makes its way into the narrow gaps between these components through minute leakages in the sealant to the enclosure. Another possible source is the slow but steady release of moisture from the plastic encapsulation during the operations. The device, of course, has to be scrapped once stiction of its components takes place. The forces that cause the stiction of device components are attributed either to the hydrogen molecular bonding forces induced by the intruding moisture or by the molecular van der Waals forces with water molecules as catalysis.
Dust particles or other forms of containments that make their way to MEMS with sealed enclosures can also cause serious malfunctioning of the device. It is a common cause of failure of optical MEMS.
ISSUES IN RELIABILITY OF MEMS
MEMS devices are made of minute delicate components that are fabricated and packaged using primarily physical-chemical processes. Potential applications of MEMS are well speculated and recognized by the science and engineering communities since its inception in middle 1980's. However, the reality is that except a few products such as airbag sensors, inkjet printer heads and biomedical sensors, MEMS technology remains a long way from successful commercialization. One cannot simply attribute the dismal record of success in commercializing MEMES to the advance of micro technology. In fact, the pace of the advance of micro technology has proven to be unparallel in human history. It is fair to say that this technology has contributed to the scientific success in extending the miniaturization technology to a new nano scale domain in recent years. The main reason for the less successful commercialization of MEMS is attributed to the awkward packaging techniques used in producing MEMS devices. The awkward packaging techniques not only have dwarfed the many unique advantages of miniature sizes of MEMS [12] , but they also have failed in ensuring reliability of MEMS. Effort in cost-effective packaging with robust reliability thus becomes the key to success of commercialization of MEMS.
There are several reasons for the lack of progress in packaging technology for MEMS. Following is just a few of the major reasons:
(a) MEMS and microsystems is a relatively new technology. Much of the characteristics and physical-chemical properties changes in many microfabrication processes remain unclear to scientists and engineers. The lack of knowledge in the mechanisms by which intrinsic stresses are developed in micro scaled device components is one such example.
(b) The highly diversified functions and materials involved in MEMS as indicated in Table 1 make industrial standard for MEMS packaging an insurmountable task. A rather optimistic estimate in developing such standard is 5 to10 years away as shown in Figure 4 . Meanwhile, MEMS packaging remain to be tailor-made to satisfy individual customer's needs. The practice in time-consuming and costly development in packaging MEMS devices by individual producers will continue with likely duplication in investments and efforts by other industrial members in MEMS industry. (c) The lack of progress in cost-effective and reliable packaging of MEMS is also attributed to the lack of information flow within the industry. It is understandable that the industry, especially those invested heavily in producing successful MEMS in marketplace, treats their knowledge and experience in developing its MEMS products as well-guarded trade secret and that they are not willing to share with their colleagues in the same industry. On the other hand, this lack of information flow and the reluctance in sharing knowledge and experiences with each other have resulted in slow advance in packaging technology that is vitally important to the commercial success of the MEMS products.
(d) Lack of R&D investment by industry and governments in MEMS packaging technology is another major contributing reason. Packaging and reliability of MEMS used to be viewed as back-seat R&D activities. Major funding in MEMS research had been traditionally funneled to the development of new processes that produced new micro devices with rudimentary products. It was only in late 1990's that MEMS packaging and reliability have caught the much needed attention by the industry. R&D investments in these areas, however, remain grossly inadequate.
SUMMARY
A number of failure mechanisms for MEMS devices have been presented in the paper. Reliability of MEMS can be better dealt with only if engineers have clear understanding in the mechanisms that cause the failure of MEMS devices. Many of the listed failure mechanisms in the paper can be avoided or mitigated with sophisticated design considerations and better control of microfabrication processes that are used to produce and package the MEMS devices. However, effective dealing with some other failure mechanisms is beyond the current available means of science and engineering.
Another important issue relating to the reliability of MEMS is the need for credible testing techniques to be used during fabrication, assembly and packaging and after the device is put into operation. A device with self-testing capability will ensure the robusting reliability of the device in service. Little R&D effort in testing has been reported. A good reference on MEMS reliability testing is available in Chapter 6 of reference [2] . It involves not only the development of testing technique, there is also needs for engineers to design for the tests, identifying test parameters, test points, and the strategies for test before, during and after assembly, as well as during the use of the device.
Concerted R&D effort and the development of industrial standard for assembly, packaging and testing will be the major contributing factors for better reliability of MEMS. Awkward packaging technique and the lack of credible design considerations in robust reliability have been major stumbling blocks in successful commercialization of MEMS.
